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The bound state of the positron (e+) with an electron (e) is
called positronium (Ps) [1]. The positron lifetime (s), before its
annihilation, depends on the state formed: one with anti-parallel
e+ and e spin orientation, named singlet or para-positronium
(p-Ps), has a short average lifetime (0.125 ns in vacuum); and an-
other with parallel e+ and e spin, called a triplet and ortho-posi-
tronium (o-Ps), has a long lifetime (142 ns in vacuum). In a
material environment, depending on the bulk physico-chemical
characteristics, the o-Ps lifetime diminishes substantially. The
deconvolution of the positron lifetime spectrum in three compo-
nents, allows the estimation of the parameters associated with
the o-Ps: the lifetime (pick-off) s3 and I3; the later predicts the
probability of formation of positronium. The I3 parameter depends
on two factors: amount of free volume in the system and the spur
electron density [2].
The process of Ps formation is usually described by the spur
model proposed by Mogensen [3,4] and Byakov [5]. The model
focuses on the description of the Ps formation as a binding process
between the positron and the electron, e+/e (Ebind = 6.8 eV), which
is competitive with other electron scavenging processes (origi-
nated in the ionization generated by the positron) involving several
species in the surroundings (spur). The scavenging of e+ or e, pres-
ent in the spur, is thought to be the cause of the Ps formation
decrease.
A short time ago, our research group published an investigation
regarding triphenylphosphine (P(Ph)3) and its oxide (O@P(Ph)3)achado).
sevier OA license.[6]. The results therein indicate that the site of positronium
formation in both compounds is the aromatic rings. Therefore, it
is reasonable to argue that the Ps formation yield must be inﬂu-
enced by the substituent bound to the ring, and henceforth, the
Ps formation yield in aromatic rings must be strongly inﬂuenced
by the presence of attached groups. In fact, in the 1970’s and
1980’s, several studies were done in an attempt to correlate the
Ps complexation reaction velocity in solution with substituted
nitrobenzene derivative Hammett r values [7–10]. In 1971, Singh
et al. [11], by studying the positronium formation in aromatic sys-
tems and their derivatives, qualitatively described the existence of
a presumable correlation between I3 and r. In 1985, our group
studied the inﬂuence of the electron donor effect in some amino-
pyridine derivatives (2, 3, and 4 APY) and aminopyrimidines
(APYM), and quantiﬁed it by pKa, in the Ps formation in organic so-
lid systems [12]. Since then, this area has remained unexplored.
In the 1930s, Hammett postulated that the effect of the substi-
tuent on the benzoic acid ionization could be used as a template to
estimate the involved electronic effect [13,14]. The fundamental
idea is that in aromatic reagents, whose distinctions are related
to the nature of the substituent, the change in the activation free
energy is proportional to the reaction Gibbs free energy. This fact
has led to important contributions to the understanding of organic
and biochemical reaction mechanisms [15]. Hammett constant val-
ues (rm and rp, substituent constants relative to meta- and para-
positions, respectively) reﬂect the extent of the interaction of
meta- or para-substituents with the reaction site through the com-
bination of resonance and ﬁeld (inductive) effects. This treatment
does not include ortho-substituents due to the steric effect. Twenty
years later, Brown and Okamoto [16] noticed that the Hammett
relation holds for the rates of electrophilic aromatic substitutions
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substituent is located in the meta-position. The authors deﬁned
new substituent constants (rþp ) based on the speciﬁc rates of
solvolysis of cumyl chloride and its ring substituted homologues
(k0 and k, respectively). The so-called Brown–Okamoto constants
(rþp ), in fact, show that these constants take into account only res-
onance effects and it is possible to conﬁrm which effect (resonance
or inductive) it is the most predominant one in the studied system,
as in the study of hydrolysis of 2-aryl-2-chloro-4,4-dimethylpen-
tanes [17]. The most remarkable and important contributions are
in Medicinal Chemistry [18].
In this work, a series of benzene and naphthalene substituted
derivatives was used to investigate donor and acceptor electron ef-
fects of the substituent groups (ANH2,AOH/ACN andANO2) on the
probability of formation of Ps and evaluate a possible correlation
between Hammett r, Brown–Okamoto rþp , and the parameter I3.
2. Hammett r and q, Brown–Okamoto rþp and q
+
Hammett [13,14] quantiﬁed the electronic effect of the substit-
uents at the reaction site based on reactions involving benzoic acid





¼ r q ð1Þ
where k is the equilibrium or velocity constant of the reaction with
a substituent R, k0 is a reference constant (equilibrium or velocity)
in which R = H, r is a substituent constant and q is a reaction con-
stant, under controlled and speciﬁc conditions.
The r constant is considered a global measure of the substituent
donor and acceptor effect at the reaction ﬁeld and is a relative esti-
mation of the electronic effect exerted by the substituent relative
to H. Its signal points to the orientation of the effect: a negative sig-
nal () indicates a prevailing donor effect to the ring, while a posi-
tive signal (+) points to the withdrawing effect. The r magnitude
reﬂects the extent of the substituent effect [19].
The q constant is a measure of the susceptibility of a given
reaction to a substituent donor/withdrawing effect. The q signal
has diagnostic value, as a negative value points to an increasing
positive charge (and consequent vanishing of a negative charge)
at the interaction site amidst the transition state formation at
the slow step. On the other hand, a positive signal shows an
increasing negative charge (or a positive charge diminution) at
the reaction site. The q magnitude can be considered as a mea-
sure of the charge density variation at the transition state forma-
tion [19].
The Hammett equation, Eq. (1), can be expressed as a linear
relationship between r and the equilibrium or activation free en-
ergy (Eq. (2)).
DG ¼ DG0  2:303 R  T  r q ð2Þ
where DG is the reaction or activation free energy, DG0 is the reac-
tion or activation energy for R = H, R is the ideal gas constant, and T
is the thermodynamic temperature.
To a given reaction under speciﬁc conditions, q, R, T, and DG0
are constant, thus r varies linearly with DG. The Hammett equa-
tion, Eq. (1), therefore corresponds to a linear free energy
relationship.
The substituent effect in usual Hammett studies evolves reso-
nance and inductive effects, but in reactions in which positive
charge is generated on a benzylic carbon (as in an SN1 reaction of
certain benzylic halides or tosylates) or directly upon the aromatic
ring (as in electrophilic aromatic substitution), the resonance ef-
fects of substituents are rather strongly enhanced. In particular,the rates of reaction of substrates having para-electron donor
groups, in cationic-like systems, are much faster than would be
predicted by the Hammett r values.
These enhanced resonance effects apparently arise as a conse-
quence of the direct resonance interaction of the positively
charged reaction site with the para-group via quinoidal reso-
nance forms. The Hammett r values are still valid when those
interactions mentioned above does not occur, i.e., when the sub-
stituent is attached to the meta-position, and are not operative
for even a para-resonance electron withdrawing substituent like
nitro or acetyl.
As even cited above, Brown and Okamoto [16] plotting the
data for the solvolysis of t-cumyl chlorides and establishing
the regression line on the basis of the meta-substituents and
the para-resonance electron withdrawing substituent groups, de-
rived a new set of sigma constants speciﬁcally for the para-res-
onance electron donor substituent groups, and they designated





¼ rþp  qþ ð3Þ
It is noteworthy that both Hammett and Hammett-Brown equa-
tions have applications in several research ﬁelds other than organic
physical chemistry, such as IR and NMR spectroscopy [20] and,
mainly, molecular modeling [21] and drug design studies [22].3. Experimental
The disubstituted benzene and naphthalene compounds stud-
ied are: ortho-phenylenediamine (o-PDA), meta-phenylenediamine
(m-PDA) and para-phenylene diamine (p-PDA), ortho-dihydroxy-
benzene (o-DHB), meta-dihydroxybenzene (m-DHB) and para-
dihydroxybenzene (p-DHB), ortho-phthalonitrile (m-PTN), meta-
phthalonitrile (m-PTN), and para-phthalonitrile (p-PTN); 1-naph-
tilamine (1-NPA) and 2-naphtilamine (2-NPA), 1-naphthol (1-
NOL) and 2-naphthol (2-NOL), 1-nitronaphthalene (1-NTN) and
2-naphtonitrile (2-NPN). All compounds were purchased from Sig-
ma–Aldrich and characterized by elemental analysis, FTIR, and 1H
NMR. They exhibited a satisfactory purity grade and were used
without further puriﬁcation.
Positron Annihilation Lifetime Spectroscopy (PALS) was done
at 294 K in conventional fast–fast coincidence equipment (Ortec)
with 260 ps temporal resolution obtained from a 60Co ﬁt curve.
A 15-lCi activity 22Na (Perkin Elmer) positron source, conﬁned
between two 7.6-lm width Kapton sheets was used. The
correction due to the source used was about 10%. The PALS data
(6 spectra at least with 5  105 counts each) were satisfactorily
resolved in three components by using the software Positron
ﬁt-extended [23,24], which furnished Ii intensities and lifetimes
si (i = 1, 2, 3, which are related to p-Ps, e+, and o-Ps,
respectively).
Taking into account that our goal is studying the formation of
Ps, only the o-Ps (s3) lifetime and the parameter related to its for-
mation probability (I3) were considered.
Electronic effects of the groups attached to the aromatic core
were also analyzed by employing computational methods, and cal-
culating the charge distribution onto an electrostatic potential sur-
face (ESP), as well as the orientation and magnitude of dipole
moments. For this purpose, it was used DFT Restricted Hartree–
Fock (RHF), correlation method B3LYP, basis set 3-21G, initial guess
by Huckel method. The dipole moment was calculated through the
length operator, and the results were visualized with Arguslab v.
4.0.1 (Planaria Software LLC).
Table 1
Lifetime (s3) and intensity of formation (I3) of o-Ps for the substituted isomers.
Isomer r (rþp ) s3
*/ns I3*/% Isomer r (rþp ) s3
*/ns I3*/%
PDA o – 1.06 30.7 NPA 1 0.16 1.27 37.2
m 0.32 1.11 43.3 2 0.66 (1.8) 1.20 16.7
p 1.32 (3.6) 0.94 35.9 NOL 1 0.12 1.29 12.9
DHB o – 1.36 08.2 2 0.37 (0.92) 1.21 10.9
m 0.24 1.17 15.6 NPN 1 0.56 1.95 02.3
p 0.74 (1.84) 1.21 22.1 2 0.66 (0.659) 1.87 02.5
PTN o – 1.95 02.7 NTN 1 0.71 1.91 01.4
m 1.12 1.89 01.5
p 1.32 (1.32) 1.87 03.2


































Figure 1. DHB isomer resonance structures.
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The experimental PALS results are summarized in Table 1. The
results obtained for m-DHB and p-DHB exhibited good agreement
with those presented by Goworek [25–28].
Tables 1 and 2 allow one to observe qualitatively that aromatic
species attached to electron donor groups (ANH2 andAOH) show a
high positronium formation probability, while aromatic species
with electron withdrawing groups (ACN and ANO2) have a low
positronium formation probability (<5%). These observations cor-
roborate those reported by Singh et al. in 1971 [11], according to
which nitrobenzene derivatives present low Ps formation probabil-
ity, and the presence of a second substituent (electron donator)
affects this probability.
One can assert that, in the systems studied here, the substituent
electronic effects on the ring are decisive in the intensiﬁcation or
inhibition of the Ps formation. The electron donor/acceptor effect
in aromatic systems is a combination of inductive effect, which
propagates along r bonds and is closely related to the electroneg-
ativity of the atom attached to the ring, and the mesomeric (reso-
nance) effect that occurs along the p system and depends on the
availability of n electron pairs in the attached atom. Table 2 pre-
sents a survey of those effects, and shows that ANH2 and AOH
groups are electron donating groups due to mesomeric effects, in
spite of the high electronegativity of O and N.
The resonance effects are felt uniquely at ortho- and para-posi-
tions to the reference substituent, but not at the meta-position, as
shown in Figure 1. Because of that, an inversion in the r signal isTable 2
Effect of the substituents on the ring electronic density.
Isomer Substituent Electronic eff
Inductive
PDA NH2 ortho  
meta  
para  
DHB OH ortho   
meta   
para   
PTN C„N ortho 
meta 
para 
NPA NH2 1  
2  
NOL OH 1   
2   
NPN C„N 1 
2 
NTN NO2 1   
2   
a + = donor,  = acceptor.
b ArES = aromatic electrophilic substitution.observed in the meta-isomers, becoming positive, as in this case
the inductive effect is the only one evident, according to the va-
lence bond theory. More rigorously, the molecular orbital theory,
which permits calculating the electronic density in each ring atom,
allows one to foresee a tiny resonance effect at the meta-position
that is not enough to overcome the inductive effect. The result is
not the same with m-PDA, as N is less electronegative than O;
therefore, the inductive effect is smaller, and the electron donor
proﬁle is conserved.ecta Substituent effect on ArESb
Mesomeric Activation Orientation
++ a o-, p-
++ a o-, p-
++ a o-, p-
+ a o-, p-
+ a o-, p-




++ a o-, p-
++ a o-, p-
+ a o-, p-
+ a o-, p-
 d m-
 d m-
  d m-
  d m-
Figure 2. Dipole moments calculated for: (a) m-PDA and (b) m-DHB. Arrows made
in according to IUPAC convention.
Figure 3. DFT partial charges of m-PDA (a) and m-DHB (b).
Figure 4. DFT partial charges calculated for 1-NPA (a) and 1-NOL (b).
Figure 5. Correlation between logðI3=I/3 Þ and r (rþp ) obtained for aromatic systems
where:d –meta-substituted benzene,s – para-substituted benzene (rp),  – para-
substituted benzene (rþp ), j – 1-substituted naphthalene, h – 2-substituted
naphthalene (rp), and  – 2-substituted naphthalene (rþp ).
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fects, increase the electronic density within the ring p system,
leading to an increment in the ionization process caused by the
positron before attaining the spur and, consequently, increasing
the positron probability of binding to one of these electrons in
the spur and establishing the o-Ps species. On the other hand, with-
drawing groups (ACN and ANO2) diminish the p electron popula-
tion in the ring. This decrease reduces the efﬁciency of the
ionization process and therefore the probability of the positron
binding to an electron in the spur and forming an o-Ps species
(inhibition).
A further investigation of the electronic effects comes from the
analysis of the theoretical calculation results, for m-PDA and
m-DHB (Figure 2). First of all, this analysis shows qualitatively that
the former type of compounds has the polarization vector in con-
trary direction when compared to the latter one. This occurs due
to the fact that even though both atoms, O and N, are p-electron
donors, the nitrogen atom is a better electron-donor by resonance
effect due to its lower electronegativity. Then it can be suggested
that there is a predominance of the inductive effect in m-DHB
and a predominance of the resonance effect in m-PDA leading to
a higher electronic density in the aromatic ring of amino-deriva-
tives when compared to the oxygenated analogues. This suggestion
can be corroborated with the vector analysis of the dipolar
moment (Figure 2) that shows the global sums of the polarization
vectors form-DHB andm-DPA. It might be established, at ﬁrst, that
in the origin of the polarization vector arrow (Figure 2a and b) is
the higher electronic density. This way for m-DHB, the origin of
the arrow is orientated to the O atoms, while for m-PDA this part
is orientated to the center of the aromatic ring, that is, the aromatic
ring of the amino-derivative have higher electronic density.
Besides, it can be cited that the partial charges distribution of
the same structures indicates an increase in the electronic density
at ortho- and para-positions in the diamine derivative (Figure 3a),
and a decrease at the corresponding positions of the di-hydroxy
derivative (Figure 3b). For example, the charge on ortho- to both
hydroxyl groups in m-DHB is slightly less negative (0.181) than
in diaminated derivative (0.203). Para-positions have similar
charges on both compounds.
Similar analysis can be made for the naphthalene derivatives 1-
NPA and 1-NOL (Figure 4a and b). Partial charges show that larger
electron density is observed in the aminated derivative than in the
hydroxylated derivative and are concentrated in the o- and p-
substituted rings, but in a lower extension.
As discussed previously, positronium formation is sensitive to
the electronic effects generated by the substituents groups in the
aromatic ring. Thus, I3 can be correlated with Hammett r or




¼ rðrþp Þ  qðqþÞ ð4ÞWhere I3 = probability of formation of o-Ps in the pure substance
with a substituted aromatic ring, and I/3 = probability of formation
of o-Ps with a substituted aromatic ring.
Due to the difﬁculty in distinguishing the electronic effect in the
ortho-isomer, r values (ortho) are scarce in the literature, and
therefore the quantitative analyses in this work were accom-
plished only for the meta-/para-(benzenic derivatives) and 1-/2-
(naphthalene derivatives).
Figure 5 illustrates the correlation that exists between logðI3=I/3Þ
and r of the meta- and rþp of the para-substituted benzene deriva-
tives and 1- and 2-substituted naphthalenes. The slopes furnish q
and q+ values.
PALS data obtained for the non-substituted compounds are:
s3 = 3.10 ns and I/3 = 44% for benzene [29] and s3 = 1.41 ns and
Table 3
Values of q(q+) and correlation coefﬁcient values, obtained by plotting.
Arom. ring Substitution q(q+) R2
Benzene meta-(rm) 1.024 ± 0.100 0.981
para-(rp) 0.400 ± 0.008 0.999
para-(rþp ) 0.267 ± 0.002 0.999
Naphthalene 1-(rm) 1.701 ± 0.020 1.000
2-(rp) 0.624 ± 0.003 0.999
2-(rþp ) 0.416 ± 0.013 0.999
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data through Eq. (4) is shown in Table 3.
As shown in Table 3, the values of correlation coefﬁcients (R)
obtained for logðI3=I/3Þ versus r and logðI3=I/3Þ versus rþp are identi-
cal (0.999), in both benzenic and naphthalenic derivatives, present-
ing a very high correlation index. However, the values of q are
more negative that your respective values of q+. As discussed
above, q and q+ reﬂects the susceptibility of the system to changes
in the electronic density due to the attached substituents. Firstly,
the results demonstrate that both q and q+ values are negative,
which shows that a larger electronic density generated by the elec-
tron donor substituents (ANH2/AOH) favors the probability of for-
mation of Ps.
In the case of benzenic systems, the more negative q values of
meta-(q = 1.024), as compared to those of para-(q = 0.400 and
q+ = 0.267) suggest that it might occur an extended conjugation,
which is usually present in para-substituted systems, in fact the
lower inclination for the correlation between I3 and rþp conﬁrms
that the inﬂuence of the inductive effects are less predominant in
these systems. The extended conjugation can cause a larger dipole
moment and higher melting points (as illustrated by dihydroxy-
benzene derivatives: 104 C, 110-113 C, and 171 C for o-DHB,
m-DHB, and p-DHB, respectively). This causes an electron cloud
dispersion in the aromatic ring, which does not occur in meta-
derivatives (Figure 4). A larger local electron density leads to a
higher probability of Ps formation in the meta-electron donor
substituted compounds (ANH2/AOH). An analogous argument
can be applied to naphthalenic derivatives which have a larger
electron density in the 1-position than in 2-.
The changes in the stability caused by the second substituent in
the para-position depends on balancing the magnitudes of the
inductive and mesomeric effects: highly electronegative groups
tend to strengthen the ﬁeld effects over the mesomeric ones, as
O in comparison to N. As mesomeric effects are not felt in meta-
positions, the withdrawing character is more important in these
cases and contributes to a decrease in the ionization process and,
therefore, to a decrease in the probability of the positron attaining
the spur, binding to an electron, and forming the o-Ps species.
Another interesting observation is related to the fact that the
values of the ratios qm/qp and qm=qþp , are approximately 2.5 and
4.0, respectively, for both benzenic and naphthalenic systems.
These results indicate that the substituent effect on the Ps forma-
tion is more intense in the meta-position than in the para-position,
and conﬁrms that the inductive effects are important, but the res-
onance effect is more inﬂuent to a higher electronic density in the
aromatic ring.
Research in the formation of Ps in systems with other substitu-
ents and other aromatic rings is needed to evaluate the generality
of the ideas outlined herein.5. Conclusion
The positronium formation in aromatic systems is strongly
inﬂuenced by electron donor/acceptor substituents, which can be
attributed to the increase/decrease in the electronic density of
the p system. Donor groups increase the ring electron density
and the positronium formation yield; on the other hand, with-
drawing groups decrease the ring electron density and the Ps
formation.
The larger the positronium formation intensity (I3) is, the more
negative r is. This correlation follows the modiﬁed Hammett equa-
tion in terms of I3 and I
/
3 , instead of k and k0 from the original form.
Through this equation, the values of the q and q+ can be obtained,
which allows estimating the extent of the positronium formation
reaction, and its dependence on the different positions and types
of ring substitution.
The values of the ratios qm/qp and qm=qþp (2.5 and 4.0,
respectively), for both benzenic and naphthalenic systems, indicate
that the substituent effect on the Ps formation is more intense in
the meta-position than in the para-position.
Further similar studies may contribute to corroborate the prop-
ositions presented in this Letter.
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